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Summary 

Dehydrogenase  (cortisol  to  cortisone)  and  oxoreductase  (cortisone  to  cortisol) 
activities  of  porcine  placental  1 1/3-hydroxysteroid  dehydrogenase  (1  lfi-HSD)  were 
measured  in  tissue  fragment  cultures  on  day  75  of  gestation.  Dehydrogenase  activity 
was  over  fivefold  greater  than  oxoreductase  activity  (p  <  .001).  There  were  positive 
linear  associations  (p  <  .01)  between  net  dehydrogenase  activity  (dehydrogenase 
minus  oxoreductase)  and  fetal  weight,  fetal  length,  and  placental  weight.  These  data 
indicate  a  predominance  of  placental  11  B-HSD  dehydrogenase  activity  at  this 
gestational  stage  that  would  insure  a  net  conversion  of  cortisol  to  cortisone  as  it 
traverses  the  placenta.  The  data  further  suggest  that  1 1 B-HSD  activities  may  provide 
an  optimal  glucocorticoid  environment  that  is  supportive  of  enhanced  fetal  and 
placental  growth. 
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Many  factors  regulate  the  availability  of  biologically  active  cortisol  to  its  target  tissues.  One  such 
factor  is  the  enzyme  1 1 6-hydroxysteroid  dehydrogenase  that  reversibly  converts  cortisol  or  corticos¬ 
terone  to  their  biologically  inactive  11-keto  metabolites  cortisone  and  1 1 -dehydrocorticosterone. 
In  mineralocorticoid  target  tissues,  1 1  B-HSD  is  responsible  for  insuring  that  glucocorticoids  do  not 
gain  access  to  mineralocorticoid  receptors  (1,2).  In  glucocorticoid  target  tissues,  dehydrogenase 
activity  of  this  enzyme  may  protect  the  tissues  from  excessively  high  concentrations  of 
glucocorticoids  or  affect  the  response  of  these  tissues  to  glucocorticoids  (3).  Conversely,  reductase 
activity  may  be  important  in  some  tissues  for  ensuring  optimum  concentrations  of  biologically  active 
glucocorticoids  (4).  It  has  been  demonstrated  that  there  are  two  predominant  isoforms  of  1 1  B-HSD. 


1  Mention  of  trade  names  or  commercial  products  in  this  article  is  solely  for  the  purpose  of  providing 
specific  information  and  does  not  imply  recommendation  or  endorsement  by  the  U.S.  Department 
of  Agriculture. 
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1 1B-HSD  Type  I  has  both  dehydrogenase  and  oxoreductase  activities,  uses  NADPH  and  NADPH 
respectively  as  coenzymes  (5,  6),  and  has  Km  values  in  the  low  fiM  range  for  both  dehydrogenase  (7) 
and  reductase  activities  (6).  Under  some  conditions  1 1B-HSD  Type  I  has  predominantly  oxoreduc¬ 
tase  activity  (7-0)  1 1  13-HSD  Type  II  is  exclusively  a  N  AD  -dependent  dehydrogenase  for  naturally 
occurring  substrates  (10)  and  has  a  ^  in  the  low  nM  range  for  cortisol  (1 1). 

The  placenta  expresses  both  1  lfl-HSD  isoforms  in  humans  (12-14),  baboons  (15),  sheep  (16),  and 
rats  (17).  Placental  1 1B-HSD  activity  undoubtedly  assists  in  providing  an  optimal  glucocorticoid  en¬ 
vironment  for  fetal  tissues  (18)  as  glucocorticoids  are  needed  for  final  development  of  numerous 
tissues  (19-20)  whereas  excessive  concentrations  cause  fetal  and  placental  growth  retardation  and 
fetal  death  (21-25).  We  have  measured  porcine  placental  1 1B-HSD  dehydrogenase  activity  under 
optimum  in  vitro  conditions  of  pH,  substrate,  and  coenzyme  concentration  (26).  Both  NAD*  and 
NADP+-dependent  dehydrogenase  activities  were  present  and  increased  between  day  50  and  100  of 
gestation.  Placental  oxoreductase  activity  has  not  yet  been  reported  for  the  porcine  placenta. 

The  ultimate  influence  of  1 1B-HSD  on  accessibility  of  maternal  cortisol  to  the  fetal  compartment  and 
on  cortisol  effects  on  placental  function  is  dependent  upon  the  balance  achieved  between  1 1B-HSD 
oxidative  and  reductive  activities.  Hence,  the  current  study  was  conducted  to  determine  both  de¬ 
hydrogenase  and  oxoreductase  activities  in  porcine  placentae  under  physiological  conditions  using 
placental  explant  culture  and  endogenous  concentrations  of  coenzymes  and  substrate  in  a  manner 
similar  to  those  used  by  previous  investigators  (17-18, 27-28).  Tissue  fragments  were  used  because 
tissue  homogenization  causes  significant  loss  of  1 1 B-HSD  oxoreductase  activity  in  other  species  (27, 
28).  Associations  between  fetal  and  placental  size  and  placental  11  B-HSD  activity  were  also 
examined. 


Methods 

Animals.  White  crossbred  gilts  were  bred  naturally  to  boars  of  the  same  breed  and  were  maintained 
in  groups  of  10-20  in  swine  confinement  facilities  at  the  Roman  L.  Hruska  U  S.  Meat  Animal 
Research  Center  (MARC;  Clay  Center,  NE)  at  a  temperature  of  18-22°C.  Gilts  received  water  ad 
libitum  and  1.8-2. 3  kg  daily  of  a  corn  and  soybean  meal  diet  Pregnant  gilts  were  subsequently 
slaughtered  on  day  75  of  gestation  (term  =114  days)  in  the  abattoir  at  MARC.  This  gestational  age 
is  midway  in  our  previous  study  that  demonstrated  the  presence  of  placental  1 1  B-HSD  activity  (26). 
Furthermore,  it  is  at  a  gestational  age  when  placental  size  has  begun  to  plateau  in  white  crossbred 
pigs  (26,  29)  whereas  fetuses  are  still  growing  rapidly.  Hence  at  this  time,  concentrations  of 
placental  enzymatic  activities  that  influence  fetal  development  might  assume  greater  importance. 
Immediately  after  slaughter  the  reproductive  tract  was  removed,  taken  to  an  adjacent  room,  and  em¬ 
bryos  with  their  placentae  removed.  Fragments  (~  3  grams)  of  placentae  from  7-8  fetuses  from  each 
of  three  gilts  were  removed  and  placed  in  ice  cold  sterile  Eagle’s  Minimum  Essential  Medium  with 
Earle’s  salts  and  L-Glutamine  (Sigma,  St.  Louis,  MO)  to  which  had  been  added  per  liter:  2.2  g 
NaHCOa  3  g  fl-D  glucose,  10  ml  vitamins,  10  ml  non-essential  amino  acids,  10  ml  glutamine,  and  10 
ml  antibiotic/antimycotic  solution  (hereafter  referred  to  as  MEM;  30).  Placental  fragments  were 
taken  from  the  antimesometrial  area  at  a  point  directly  opposite  to  the  site  of  the  umbilicus.  Fetuses 
and  remaining  placental  tissue  were  then  removed,  weighed,  and  sex  of  fetuses  noted.  All  procedures 
involving  use  of  animals  were  reviewed  and  approved  by  our  institution’s  Animal  Care  and  Use 
Committee. 

Tissue  incubations.  Working  in  a  laminar  flow  hood  and  using  sterile  instruments,  twelve  fragments 
(~  40  mg  each)  were  removed  from  each  placenta,  weighed,  and  placed  into  six  tubes  (two  fragments 
each  tube,  80  ±  5  mg  per  tube)  containing  1  ml  of  sterile  MEM.  After  a  preincubation  period  of  10 
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min  at  37°C,  .29  pCi  of  3H-cortisol  (Amersham,  Arlington  Heights,  1L)  in  50  pi  of  MEM  were  added 
to  one  set  of  three  tubes,  and  .29  pCi  of3H-cortisone  (synthesized  from  3-H  cortisol;  31)  were  added 
to  a  second  set  of  three  tubes  for  each  placenta.  Placental  samples  were  then  incubated  with  constant 
gentle  rocking  in  an  atmosphere  of  50%  N2,  45%  02,  and  5%  COz  for  90  min  at  37°C.  Triplicate 
incubations  with  3H-cortisone  and  3H-cortisol  in  the  absence  of  tissue  were  conducted  to  measure 
nonspecific  conversions  of  substrate  to  product.  Reactions  were  terminated  by  setting  all  tubes 
simultaneously  in  a  tray  of  liquid  nitrogen  to  rapidly  freeze  the  incubates.  Subsequently,  samples 
were  thawed  and  extracted  with  ethyl  acetate  to  obtain  tritiated  steroids.  These  extracts  were  sub¬ 
jected  to  thin  layer  chromatography  using  chloroform.methanol  (9:1)  as  the  solvent  system,  and 
zones  corresponding  to  3H-cortisol  and  3H-cortisone  were  removed  and  counted  in  a  liquid  scintilla¬ 
tion  counter.  Tissue  fragments  were  then  washed  twice  in  distilled  water  and  once  in  sodium 
phosphate  (.05  M)  buffered  saline  (3  M  NaCl)  containing  .02  M  EDTA  (PBS)  to  remove  most  radio¬ 
activity.  Tissue  fragments  were  then  homogenized  in  PBS  and  aliquots  removed  for  DNA  analysis 
(32). 

In  a  preliminary  study,  placental  tissue  from  one  day- 7  5  pregnant  gilt  was  evaluated  for  product 
formation  with  time  of  incubation.  Approximately  80  mg  of  tissue  were  incubated  for  1 0,  20,  40, 
60,  120,  or  240  min  (triplicate  incubations  at  each  time  period  and  for  each  substrate).  For  each  time 
period,  triplicate  incubates  without  tissue  were  also  conducted  to  measure  nonspecific  conversion 
of  substrate  to  product.  Approximately  .25  /iCi  of  either  3H-cortisol  or  3H-cortisone  were  used  as 
substrate.  Incubations  were  conducted  as  above-noted  and  DNA  measures  conducted. 

Statistical  procedures.  All  data  are  expressed  as  means  ±  SEM.  Data  for  experimental  samples  were 
analyzed  by  mixed  model  multifactorial  nested  analysis  of  variance  using  the  SAS  PROC  MIXED 
procedure  (33).  Analyses  of  covariance  to  relate  fetal  measures  to  enzymatic  activities  were  con¬ 
ducted  using  PROC  MIXED.  Effects  of  time  on  enzymatic  activity  were  analyzed  by  ANOVA  using 
PROC  GLM  (34).  Data  were  tested  for  homogeneity  of  variance  using  an  Fmax  test,  and  data  were 
transformed  to  a  log  function  where  necessary  to  fulfill  assumptions  of  ANOVA.  A  probability  level 
of  <  .05  was  considered  significant. 


Results 

In  preliminary  studies,  1 113-HSD  dehydrogenase  activity  increased  steadily  between  10  and  120  min 
(p  <  .01)  and  then  increased  at  a  slower  rate  between  120  and  240  min  (Fig.  1  A).  1 113-HSD  oxo- 
reductase  activity  was  quite  low  during  the  first  60  min,  increased  dramatically  between  60  and  1 20 
min  (p  <  .01),  and  remained  constant  thereafter  (Fig.  IB)  Based  on  these  results,  subsequent  incu¬ 
bations  with  experimental  samples  were  conducted  for  90  min  for  both  dehydrogenase  and  oxoreduc- 
tase  activity  during  the  apparent  time  period  of  initial  velocity  when  the  rate  of  product  formation 
is  proportional  to  the  steady-state  concentration  of  enzyme-substrate  complex  (35). 

Twelve  male  and  10  female  fetuses  were  obtained  from  the  three  gilts.  There  were  no  differences 
in  fetal  weight  or  length,  but  placental  weights  were  greater  in  male  compared  with  female  fetuses 
(Table  1). 

Neither  dehydrogenase  nor  oxoreductase  activity  was  dependent  on  the  sex  of  the  fetus  (p  =  .064); 
therefore,  data  were  combined  across  sexes.  In  the  presence  of  endogenous  substrate  and  co¬ 
enzymes,  dehydrogenase  activity  was  5. 4-fold  greater  (p<  .001)  than  oxoreductase  activity  (Fig.  2). 
Consequently,  there  was  a  net  placental  dehydrogenase  activity  (Fig.  2)  that  did  not  differ  between 
sexes  (p  = .  77).  Significant  gilt  differences  existed  in  enzymatic  activity.  Therefore  for  graphical  pre¬ 
sentation  of  associations  among  fetal  measures,  activities  within  each  gilt  were  converted  to  a  percent 
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Fig.  3 

The  relationship  between  time  and  1  lfl-HSD  dehydrogenase  (3H-cortisol  conversion 
to  3H-cortisone;  A)  or  11B-HSD  oxoreductase  (3H-cortisone  conversion  to  3H- 
cortisol;  B)  activities  in  porcine  placental  fragments.  Each  datum  point  represents  the 
mean  ±  SEM  of  triplicate  determinations  using  80  mg  of  day  75  porcine  placental 
tissue  and  relying  on  endogenous  concentrations  of  substrates  and  coenzymes. 


TABLE  I 


Fetal  Measures  on  Day  75  of  Gestation.3 


Measure 

(n) 

Females 

(n) 

Males 

Fetal  weight  (grams) 

12 

272.7  ±  20.7” 

10 

302.5  ±  12. 8b 

Fetal  length  (mm) 

12 

185.9  ±  5.4  b 

10 

196.4  ±  4.8b 

Placental  weight  (grams) 

12 

99.7  ±  10. 0b 

10 

132.9  ±  9.0C 

3  Data  represent  mean  ±  SEM. 

Means  within  a  measure  with  different  superscripts  are  different  (p  <  .05). 
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Fig.  2 

Placental  1 113-HSD  dehydrogenase  and  oxoreductase  activity  on  day  75  of  gesta¬ 
tion.  Net  activity  is  the  difference  between  dehydrogenase  and  oxoreductase  activi¬ 
ty.  Data  represent  the  mean  +  SEM  of  the  number  of  fetuses  shown  in  parentheses. 

For  oxoreductase  activity,  the  SEM  is  too  small  to  be  visible  at  the  scale  used. 

of  the  maximal  activity  for  that  gilt.  There  were  no  linear  relationships  among  fetal  weight  (p  =  .2 1 ), 
fetal  length  (p  =  .06),  or  placental  weight  (p  =  .37)  and  oxoreducatse  activity.  Fetal  weight  (b  =  .07 
grams/(fmol  activity/100  pg  DNA);  p  =  .04)  and  fetal  length  (b  =  .02  mm/(fmol  activity/100  pg 
DNA);  p  =  .02),  but  not  placental  weight  (b  =  .04  grams/(fmol  activity/1 00  pg  DNA);  p  =  .06),  were 
linearly  associated  with  dehydrogenase  activity.  When  associations  with  net  1 113-HSD  activity  (de¬ 
hydrogenase  minus  oxoreductase)  were  examined,  linear  associations  existed  for  each  measure  (Fig. 
3  A,B,C):  fetal  weight  (b  =  .09  grams/(fmol  activity/100  pg  DNA);  p  <  .001),  fetal  length  (b  =  .02 
mm/(fmol  activity/100  pg  DNA);  p  =  <  .001),  and  placental  weight  (b  =  .05  grams/(fmol  activity/100 
pg  DNA);  p  <  0.001).  Statistical  evaluations  of  graphically  presented  percent  activity  versus  fetal 
or  placental  size  provide  similar  interpretations  (Fig.  3  A,B,C). 

Discussion 

This  study  demonstrates  the  presence  of  porcine  placental  1 113-HSD  dehydrogenase  and  oxoreduct¬ 
ase  activity  at  day  75  of  gestation.  At  this  stage  and  in  the  presence  of  endogenous  coenzymes  and 
substrate  concentrations,  dehydrogenase  activity  is  greater  than  oxoreductase  activity.  A  valid  argu¬ 
ment  could  be  made  for  addition  of  exogenous  substrate  to  achieve  saturating  substrate  concentra¬ 
tions  that  would  obviate  potential  problems  of  varying  endogenous  substrate  concentrations  (35). 
However,  our  in  vitro  system  was  specifically  designed  in  an  attempt  to  duplicate  in  vivo  conditions. 
Hence,  no  exogenous  coenzymes  or  saturating  substrate  concentrations  were  added.  Similar  pro¬ 
cedures  demonstrated  close  associations  between  1 113-HSD  Type  I  and  Type  II  activities  and  their 
corresponding  mRNA  expression  (17).  The  current  in  vitro  results  correspond  with  in  vivo  data 
wherein  maternal  cortisol  accounted  for  50%  of  fetal  cortisone  at  50  and  1 00  days  of  gestation  (36). 
At  100  days  when  tritiated  cortisol  was  infused  into  the  maternal  circulation,  fetal  tritiated  cortisol 
concentrations  were  less  than  20%  of  tritiated  cortisone  concentrations  (36)  Maternal  plasma  corti¬ 
sol  exceeded  fetal  plasma  cortisol  and  fetal  umbilical  arterial  cortisol  exceeded  umbilical  venous  corti¬ 
sol  at  day  75  of  gestation  (37).  Together,  these  data  provide  evidence  that  under  in  vivo  conditions 
at  this  gestational  stage,  dehydrogenase  activity  predominates,  and  as  maternal  and  fetal  cortisol 
traverses  the  placenta  net  dehydrogenase  activity  insures  much  of  its  conversion  to  cortisone. 
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A. 


Percent  Net  11(3-HSD  Dehydrogenase  Activity 


Fig.  3 

Associations  between  fetal  weight  (A),  fetal  length  (B),  or  placental  weight  (C)  and 
placental  1 113-HSD  net  dehydrogenase  activity.  For  graphical  representation,  the  en¬ 
zymatic  activity  for  each  fetal  placenta  was  expressed  as  a  percent  of  the  maximal  pla¬ 
cental  activity  measured  within  the  pregnant  pig  from  which  the  fetus  came.  Slopes 
(b)  of  linear  regressions  between  size  and  percent  1 113-HSD  activity  are  indicated. 

We  were  unable  previously  to  show  a  relationship  between  placental  1 1 13-HSD  dehydrogenase  ac¬ 
tivity  and  fetal  or  placental  size  using  different  assay  procedures  (26).  In  this  new  study,  there  was 
a  positive,  linear  relationship  between  1 113-HSD  dehydrogenase  activity  and  fetal  and  placental  size, 
especially  when  net  activity  was  considered.  Such  relationships  suggest  that  an  optimal  glucocorti¬ 
coid  environment,  which  is  in  part  provided  by  1 113-HSD  dehydrogenase  activity,  is  supportive  of 
better  fetal  and  placental  growth.  Positive  associations  also  were  reported  between  fetal  size  and  pla¬ 
cental  1 113-HSD  dehydrogenase  activity  in  term  rat  (23)  and  human  (38)  fetuses.  Conversely,  either 
no  association  (38)  or  a  negative  association  (23)  existed  between  placenta)  weight  and  placental 
1 1 13-HSD  dehydrogenase  activity.  Discrepancies  between  human  and  rat  placentae  and  the  current 
data  may  reflect:  1)  stage  of  placentae,  term  in  humans  and  rats  versus  near  mid  gestation,  2)  type 
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of  placentation,  hemochorial  versus  epitheliochorial;  or  3)  incubation  conditions,  homogenates  with 
added  cofactors  versus  tissue  fragments  without  exogenous  cofactors. 

In  this  study,  one  cannot  determine  the  nature  of  the  1 1  13-HSD  isoforms  responsible  for  the  dehydro¬ 
genase  and  oxoreductase  activity  We  measured  NADP+-  and  NAD+-dependent  1 1 13-HSD  dehydro¬ 
genase  activity  in  day-75  porcine  placentae  (26).  This  suggests  the  presence  of  both  1 1 13-HSD  Type 
I  and  Type  II  (39,  40),  which  probably  contributed  to  the  measured  activities.  Indeed,  net  dehydro¬ 
genase  activity  may  in  part  reflect  the  lower  Km  (nM  range)  for  cortisol  that  is  prevalent  for  1 1 13- 
HSD  II  when  compared  with  the  Km  of  1 1  (3-HSD  I  for  cortisone  (pM  range)  In  human  placental 
tissue  fragments  at  midterm  and  late  pregnancy  (12,18)  and  in  trophoblast  cell  cultures  from  term 
placentae  (41),  oxidative  and  reductive  activities  were  present  with  oxidative  predominating.  In 
baboon  (mid  to  late  pregnancy;  42),  cultured  trophoblast  cells  had  greater  dehydrogenase  than  reduc¬ 
tase  activity.  In  rat  placental  fragments,  reductase  activity  was  greater  at  day  1 6;  but  on  days  1 9  and 
22,  dehydrogenase  activity  was  predominant  (27).  Such  distributions  of  activities  were  concordant 
with  a  strong  mRNA  expression  of  1 113-HSD  Type  II  and  weak  expression  of  1 1  (3-HSD  Type  I  in 
human  term  placentae  (43).  The  profile  of  1 1  (3-HSD  activity  measured  in  intact  rat  placentae  appears 
to  reflect  increased  mRNA  expression  of  1 113-HSD  Type  II  in  the  basal  zones  (17). 

In  summary,  the  current  study  demonstrates  for  the  first  time  the  presence  of  1 1 13-HSD  oxoreductase 
activity  in  porcine  placentae  that  is  substantially  less  than  the  dehydrogenase  activity  under  the  in 
vitro  conditions  used.  There  were  strong  positive  associations  between  fetal  and  placental  size  and 
1 113-HSD  net  dehydrogenase  activity  that  provide  support  for  the  hypothesis  that  optimal 
glucocorticoid  concentrations  are  supportive  of  porcine  fetal  development 

Acknowledgments 

The  author  expresses  his  appreciation  to  Linda  Parnell  for  secretarial  assistance  with  the  manuscript 

References 

1.  C.R.W.  EDWARDS,  P  M  STEWART,  D.  BURT,  L.  BRETT,  M.A.  MCINTYRE,  W.S. 
SUTANTO,  E.R.  DE  KLOET  and  C.  MONDER,  Lancet  2  986-989  (1988). 

2.  J.W.  FUNDER,  P  T  PEARCE,  R  SMITH  and  A.l.  SMITH,  Science  242  583-585  (1988) 

3.  C.  MONDER,  FASEB  J.  5  3047-3054  (1991). 

4  Y  KOTELEVTSEV,  M  C  HOLMES,  A.  BURCHELL,  P.M.  HOUSTON,  D  SCHMOLL,  P 
JAMIESON,  R  BEST,  R  BROWN,  C.R.W  EDWARDS,  J  R  SECKL  and  J  J  MULLINS, 
Proc.  Natl.  Acad.  Sci.  USA  94  14924-14929  (1997). 

5.  A.K.  AGARWAL,  C  MONDER,  B  ECKSTEIN  and  P  C.  WHITE,  J.  Biol.  Chem.  264  18939- 
18943  (1989). 

6.  A.K  AGARWAL,  M  -T  TUSIE-LUNA,  C.  MONDER  and  P  C  WHITE,  Mol.  Endocrinol 
4  1827-1832  (1990) 

7.  V.  LAKSHMI  and  C.  MONDER,  Endocrinology  123  2390-2398  (1988). 

8  H  DUPERREX,  S  KENOUCH,  HP  GAEGGELER,  J  R.  SECKL,  C.R.W.  EDWARDS,  N 
FARMAN  and  B.C  ROSSIER,  Endocrinology  132  612-619  (1993). 

9.  P.M.  JAMIESON,  K.E.  CHAPMAN,  C.R.W.  EDWARDS  and  J  R  SECKL,  Endocrinology 
136  4754-4761  (1995) 

10.  K.X.Z.  LI,  V.R.  OBEYESEKERE,  Z  S  KROZOWSKI  and  P.  FERRARI,  Endocrinology  138 
2948-2952  (1997). 

11.  A.K.  AGARWAL,  T.  MUNE,  C  MONDER  and  P.C.  WHITE,  J.  Biol.  Chem  269  25959- 
25962  (1994). 


1052 


1 1P-HSD  in  Porcine  Placenta 


Vol.  66,  No.  11,2000 


12.  G.  GIANNOPOULOS,  K.  JACKSON  and  D.  TULCHINSKY,  J.  Steroid  Btochem.  17  371-374 
(1982). 

13.  V  LAKSHMI,  N.  NATH  and  O  MUNE Y YIRCI -DEL ALE,  J  Steroid  Biochem.  Mol  Biol. 
45  391-397  (1993). 

14  O  MUNEYY1RCI-DELALE,  V.  LAKSHMI,  C  O.  MCCALLA,  M.  KARACAN,  G.  NEIL  and 
L.  CAM1LIEN,  Early  Pregnancy  2  201-206  (1996). 

15.  G.J.  PEPE,  J.S  BABISCHKIN,  M  G  BURCH,  M.G  LEAVITT  and  ED.  ALBRECHT, 
Endocrinology  137  5678-5684  (1996). 

16.  K.  YANG,  J.  Steroid  Biochem.  Mol.  Biol.  52  337-343  (1995). 

17  P.J.  BURTON,  R  E.  SMITH,  Z.S  KROZOWSKI  and  B.J.  WADDELL,  Biol.  Reprod.  55  1023- 
1028  (1996). 

18  B.E.P.  MURPHY,  J.  Steroid  Biochem.  14  811-817  (1981). 

19.  G.C.  LIGGINS,  Reprod.  Fertil.  Dev.  6  141-150  (1994). 

20.  P.T.  SANGILD,  M.  SILVER,  A.L.  FOWDEN,  A.  TURVEY  and  B.  FOLTMANN,  Biol. 
Neonate  65  378-389  (1994). 

21.  J.M.  RE1NISCH,  N.G.  SIMON,  W.G  KAROWandR.  GANDELMAN,  Science  202  436-438 
(1978). 

22.  H.D  MOSIER,  Jr.,  L.C.  DEARDEN,  R.  A.  JANSONS,  R.C.  ROBERTS  and  C  S.  BIGGS,  Dev. 
Pharmacol.  Ther.  4  89-105  (1982). 

23.  R.  BENEDIKTSSON,  R.S.  LINDSAY,  J.  NOBLE,  J.R.  SECKL  and  C.R.W.  EDWARDS, 
Lancet  341  339-341  (1993). 

24.  C.R.W.  EDWARDS,  R  BENEDIKTSSON,  R.S.  LINDSAY  and  J.R.  SECKL,  Lancet 341 355- 
357  (1993). 

25.  C  O.  MCCALLA,  V.L.  NACHARAJU,  O  MUNEYYIRC1-DELALE,  S.  GLASGOW  and  J.G. 
FELDMAN,  Steroids  63  511-515  (1998). 

26.  H.G.  KLEMCKE  and  R.K.  CHRISTENSON,  Biol.  Reprod.  55  217-223  (1996). 

27.  P.J.  BURTON  and  B.J.  WADDELL,  J.  Endocrinol.  143  505-513  (1994). 

28  A.L.  BERNAL,  A.B.M.  ANDERSON  and  A  C.  TURNBULL,  J.  Endocrinol.  93  141-149 
(1982). 

29.  J.W.  KNIGHT,  F.W  BAZER,  W.W.  THATCHER,  D  E  FRANKE  and  H.D.  WALLACE, 
J.  Anim.  Sci.  44  620-637  (1977). 

30.  J.L.  VALLET  and  R.K.  CHRISTENSON,  Biol  Reprod.  48  575-584  (1993). 

31.  D  A.  SHAW  and  R.V.  QUINCEY,  J.  Endocrinol.  26  577-578  (1963). 

32.  C.  LABARCA  and  K.  PA1GEN,  Anal.  Biochem.  102  344-352  (1980). 

33 .  R.C.  LITTELL,  G.  A.  MILLIKEN,  W.W.  STROUP  and  R.D.  WOLFINGER.  SAS®  System  for 
Mixed  Models,  SAS  Institute  Inc.,  Cary,  NC  (1996). 

34.  SAS.  SAS/STAT  User's  Guide,  Version  6,  Fourth  Edition,  Volume  I ,  Statistical  Analysis  System 
Institute,  Inc.,  Cary,  NC  (1989). 

35.  l.H.  SEGEL.  Enzyme  Kinetics.  Behavior  and  Analysis  of  Rapid  Equilibrium  and  Steady-State 
Enzyme  Systems,  John  Wiley  &  Sons,  New  York  (1975). 

36.  H.G.  KLEMCKE,  Biol.  Reprod  53  1293-1301  (1995). 

37.  H.G.  KLEMCKE  and  R.K.  CHRISTENSON,  Biol.  Reprod.  57  99-106  (1997). 

38  P  M.  STEWART,  FM  ROGERSONand  J.L  MASON,  J.  Clin.  Endocrinol.  Metab.  80  885-890 
(1995). 

39.  K.  SUN,  K.  YANG  and  J.R.G.  CHALLIS,  Placenta  19  353-360  (1998). 

40  P.J.  BURTON  and  B.J.  WADDELL,  Biol.  Reprod.  60  234-240  (1999). 

41.  K.  SUN,  K.  YANG  and  J.R.G.  CHALLIS,  Endocrinology  138  4912-4920  (1997). 

42.  S.  BAGGIA,  E  D  ALBRECHT,  J.S.  BABISCHKIN  and  G.J.  PEPE,  Endocrinology  127  1735- 
1741  (1990). 

43.  K.  SUN,  K.  YANG  and  J.R.G.  CHALLIS,  J.  Clin  Endocrinol.  Metab.  82  300-305  (1997). 


